Background: Hypophosphatasia is an inherited bone disease characterized by low alkaline phosphatase activity encoded by ALPL. Clinically, hypophosphatasia can be categorized as perinatal, infantile, childhood, and adult forms, as well as odonto-hypophosphatasia, according to the age at first sign or dental manifestations. Adult hypophosphatasia typically presents in middle-aged patients who appear to be in good health in early adulthood and manifests as painful feet caused by recurrent, slow-healing stress fractures of the lower limb. Because the symptoms of adult hypophosphatasia vary and are common, many patients with hypophosphatasia might be not diagnosed accurately and thus may receive inappropriate treatment. Case presentation: We report a case of a 35-year-old Japanese woman with low serum alkaline phosphatase detected at a routine medical checkup. She had mild muscle/bone pain but no history of rickets, fractures, or dental problems. Measurement of bone mineral density of the lumbar spine and the femoral neck revealed osteopenia below the expected range for age in a young adult. Abdominal ultrasonography revealed numerous microcalcifications in both kidneys. Analysis of amino acids in urine revealed that phosphoethanolamine was elevated. Low serum alkaline phosphatase activity, elevation of phosphoethanolamine, and low bone mineral density supported the diagnosis of hypophosphatasia. ALPL mutation analysis revealed two mutations: p.Phe327Leu and c.1559delT. These genetic abnormalities were previously reported in perinatal, infantile, and childhood but not adult hypophosphatasia. On the basis of the clinical presentation, laboratory and imaging findings, and genetic analyses, the patient was definitively diagnosed with adult hypophosphatasia. To the best of our knowledge, this is the first case report of adult hypophosphatasia with the compound heterozygous mutations p.Phe327Leu and c.1559delT. Conclusions: Although the risk of bone fracture was high in this case, treatment approaches differ between osteoporosis and hypophosphatasia. Because adult hypophosphatasia diagnosis is often difficult because of their varied symptoms, hypophosphatasia should be considered in the differential diagnosis of low serum alkaline phosphatase. Early diagnosis is important so that appropriate treatment can be initiated.
Backgrounds
Low serum alkaline phosphatase (ALP) activity, which is infrequent in adults, can occur in several diseases, such as hypothyroidism, zinc deficiency, and steroid treatment. Hypophosphatasia (HPP) is an inherited systemic disease characterized by low activity of tissue-nonspecific alkaline phosphatase (TNSALP) and defective bone mineralization. Rathbun reported a case of a 2-month-old patient with rickets who had paradoxically low serum ALP activity. Subsequent reports suggested that HPP can result from various mutations in ALPL encoding for ALP in liver, bone, or kidney [1, 2] . Currently, more than 320 ALPL mutations in patients with HPP have been reported in the ALPL gene database [3] .
Clinically, HPP can be categorized as perinatal (lethal and benign), infantile, childhood, and adult forms, as well as odonto-hypophosphatasia, according to the age at first sign or dental manifestations [2] . Adult HPP typically presents in middle-aged patients who appear to be in good health in early adulthood and manifests as painful feet caused by recurrent, slow-healing stress fractures of the lower limb [4] [5] [6] [7] . Some patients also complain of chronic muscle/bone pain without fractures and reduced muscle strength. Moreover, McKiernan et al. suggested that crystalline arthritis, orthopedic surgery, chondrocalcinosis, calcific periarthritis, enthesopathy, and diffuse idiopathic skeletal hyperostosis were more frequent in adult patients with HPP than in the general adult population [8] . Because the symptoms of adult HPP vary greatly and are common in the general population as well, its recognition is challenging, and the possibility remains that many patients with HPP who are not diagnosed accurately might receive inappropriate treatment.
We report a case of a woman with HPP who was referred to our hospital with low serum ALP that was found at an annual medical checkup for workers. Although she had bone and muscle pain but no history of childhood rickets, dental abnormalities, or bone fractures, a genetic analysis was performed, which revealed two ALPL mutations (p.Phe327Leu and c.1559delT), which were previously reported in perinatal benign, infantile, and childhood HPP cases [9] . To the best of our knowledge, this is the first case report of adult HPP with the compound heterozygous mutations p.Phe327Leu and c.1559delT.
Case presentation
A 35-year-old Japanese woman was referred to our hospital for evaluation of low serum ALP at an annual medical checkup for workers. Her serum ALP levels had not been determined before. She did not have symptoms except for mild muscle and bone pain in both lower limbs since childhood, which did not interfere with her daily life. Her physical activity level was normal. She had no history of rickets, fractures, or dental problems. Specifically, she did not have premature loss of her primary dentition, although she had had developmental dysplasia of the hip during infancy. She did not take any medication, including supplements, before admission. She did not smoke and denied alcohol abuse and use of illicit drugs. She had no known allergies. She has been working in the clothing industry for approximately 10 years and living with her parents in a residential area in Japan. Her mother is alive and has had breast cancer, and her older sister had Hashimoto's thyroiditis. Her father had no major illnesses. Her parents had no history of fractures.
On initial examination, her vital signs were as follows: body temperature, 37.0°C, blood pressure 115/80 mmHg, pulse 101 beats/min, height 150.3 cm, and body weight 44 kg (body mass index 19.6 kg/m 2 ). Examination of the right femur and the left crus revealed spontaneous pain; however, there was no evidence of tenderness or pain with percussion. Examination of palpebral conjunctiva did not suggest anemia, and the bulbar conjunctiva was not icteric. The thyroid was not palpable, and the results of chest and abdominal examinations were normal. The results of neurological examinations, including muscle strength tests, deep tendon reflexes, and esthesia, were also normal except for spontaneous pain in bilateral legs, and no skin lesions were noted.
On initial visit, the patient's complete blood count was normal (hematocrit, 41.4%; hemoglobin, 13. (Table 1) . Laboratory evaluation revealed that serum ALP was remarkably low at 13 U/L, serum iron was low at 40 μg/dl, and serum phosphorus was slightly elevated at 4.3 mg/dl, whereas serum calcium was normal at 10.2 mg/dl. Inflammatory markers (C-reactive protein, 0.02 mg/dl), liver function tests (albumin, 4.9 g/dl; total bilirubin, 0.3 mg/dl; aspartate aminotransferase, 13 U/L; alanine aminotransferase, 6 U/L), renal function tests (blood urea nitrogen, 8 mg/dl; serum creatinine, 0.61 mg/dl), electrolytes (sodium, 139 mEq/L; potassium, 4.3 mEq/L; chloride, 103 mEq/L), thyroid-stimulating hormone (2.35 μU/ml), and free thyroxine (1.59 ng/dl) were within the normal ranges (Table 1) .
X-rays of the limbs for further evaluation of potential bone abnormalities showed mild lateral bowing of both femurs (Fig. 1a) . X-rays of the cervical and lumbar spine showed no scoliosis. Orthopantomography was normal (Fig. 1b) . Measurement of bone mineral density (BMD) of the lumbar spine and the femoral neck after 1 year revealed osteoporosis below the expected range for age in a young adult (young adult mean [YAM], 87%; T-score, − 1.1; Z-score, − 1.1 in lumbar vertebra; YAM, 68%; T-score, − 2.5; Z-score, − 2.2 in femoral neck) ( Table 2) . Abdominal ultrasonography revealed numerous microcalcifications in both kidneys.
On the basis of reduced BMD, additional blood chemistry tests and urinalysis were performed. The following bone metabolic markers were within normal limits: tartrate-resistant acid phosphatase-5b, 213 mU/dl (reference, 120-420 mU/dl); undercarboxylated osteocalcin, 2.14 ng/ml (reference, < 4.5 ng/ml); and type I procollagen N-terminal propeptide, 33.2 ng/ml (reference, 16.8-70.1 ng/ml). However, bone-specific ALP was low at 1.0 μg/L (reference, 2.9-14.5 μg/L) for her age. Analysis of amino acids in urine revealed that phosphoethanolamine was elevated at 727.8 μmol/g Cr (reference, 7-70 μmol/g Cr), which supported the diagnosis of HPP [10] .
Serum ALP of the patient's mother was low at 86 U/L. Therefore, the patient underwent genetic testing, which revealed two mutations in tissue-nonspecific ALPL (exon 9, c.979T>C [p.Phe327Leu] and exon 11, c.1559delT) (Fig. 1c) . These genetic abnormalities, which were previously reported, were consistent with HPP [9, [11] [12] [13] . On the basis of the clinical presentation, laboratory and imaging findings, and genetic analyses, the patient was definitively diagnosed with adult HPP. She comes to our outpatient clinic every 6 months, and we have checked her BMD and abdominal ultrasonography every year for 3 years. Her medical conditions have been stable. Although we have not given her any medicine, we plan to introduce enzyme replacement therapy using human recombinant TNSALP when her disease state worsens.
Discussion and conclusions
Our patient did not report any symptoms other than mild lower limb pain of unknown cause, and her low serum ALP value was found incidentally during an annual medical checkup for workers, which led to her referral to our hospital. Low serum ALP and pain in the lower limbs suggested a diagnosis of HPP, and analysis of amino acids in urine revealed elevation of phosphoethanolamine, which supported the diagnosis of HPP. Moreover, measurement of BMD at the femoral neck indicated osteopenia, whereas ALPL sequencing revealed two mutations, c.1559delT and c.979T>C (p.Phe327Leu), which are the most and second-most frequent mutation in Japanese patients, respectively [12, 13] . Interestingly, these compound heterozygous mutations, reported in perinatal benign, infantile, and childhood HPP types, were rarely reported in symptomatic patients with adult HPP [9] . On the basis of these results, the patient was diagnosed with adult HPP. Adult HPP typically presents in middle-aged patients and is diagnosed on the basis of symptoms, such as painful femoral pseudofractures, chronic muscle or bone pain, muscle weakness, pseudogout, and osteomalacia [6] [7] [8] . However, our patient had no history of childhood rickets or pseudofractures and had an abnormal serum level of ALP, which was incidentally found during an annual medical checkup. This was a unique reason for further referral and evaluation at our hospital. Therefore, the diagnosis of HPP was derived from an initial finding of a low serum level of ALP.
In our patient, the risk of bone fracture was high because of the low BMD below the expected range for her age, and she was osteopenic according to the International Society for Clinical Densitometry criteria. Because risk of death increases approximately twofold when associated with hip fractures due to osteoporosis, fracture prevention is critical [14] . Although bisphosphonates are usually used for the treatment of osteoporosis, some case studies have reported that treatment with bisphosphonates might potentially lead to an increase in and worsening of fractures [15] [16] [17] . Moreover, the human parathyroid hormone teriparatide is a controversial treatment option; although it was shown to provide some benefit in case studies of adults with HPP, one case IgG Immunoglobulin G report described no benefit [18] [19] [20] [21] . As described later, most of the manifestations of adult HPP are atypical, and there might be many asymptomatic HPP "carriers" who have not been diagnosed. Some patients with adult HPP might be undiagnosed before they are initiated on bisphosphonates for postmenopausal osteoporosis. Because treatment approaches differ between osteoporosis and HPP, adult HPP should be considered in patients with low BMD. The utility of disease-modifying treatment with enzyme replacement therapy using human recombinant TNSALP was reported recently [22] [23] [24] [25] . Asfotase alfa (Strensiq™; Alexion Pharmaceuticals, New Haven, CT, USA) is a recombinant, bone-targeted, human TNSALP developed to treat the skeletal mineralization defects in HPP, and it reduces the accumulation of extracellular TNSLP substrates. The goal of the enzyme replacement treatment in patients with adult HPP without fractures is improvement in functional status as measured by strength, endurance, improvement in gait, reduction in fatigue, and prevention of fractures, all of which improve mobility and quality of life. However, questions regarding the quality of life and long-term sustainability of this high-cost treatment cannot yet be answered [26] . Our patient had no history of fractures, tooth abnormalities, or skeletal dysfunction. Although the risk of fracture remained, we decided to follow the patient without initiating enzyme replacement therapy. Further studies on enzyme replacement therapy in patients with adult HPP are needed.
Our patient carried compound heterozygous missense and frameshift mutations in ALPL. Some patients with perinatal HPP are homozygous, with asymptomatic parents who are heterozygous carriers for the mutations. p.Phe327Leu and c.1559delT are more common in Japanese patients with HPP [9, 11] , whereas p.Glu191Lys and p.Asp378Val occur more frequently in Caucasian patients [27] . In our patient, genetic testing revealed c.1559delT homozygous mutation and c.979T>C (p.Phe327Leu) in ALPL, which are associated with lethal and the perinatal nonlethal (benign) forms of HPP in Japanese patients, respectively. One reason underlying this difference in HPP phenotypes is proposed to be due to differences in enzymatic activity associated with the mutations. The enzymatic activity of ALP is 70% with p.Phe327Leu, whereas its activity is completely abolished with c.1559delT. However, in the majority of carriers with the c.1559delT mutation, biomarkers, serum ALP activity, and urinary phosphoethanolamine levels are within normal limits [13] . Given the low level of serum ALP and high level of urinary phosphoethanolamine in our patient, it was interesting that the two heterozygous mutations caused the abnormal serum, urinary, and BMD parameters. Moreover, the compound heterozygous mutations of p.Phe327Leu and c.1559delT in ALPL, which were reported in perinatal benign, infantile, and childhood HPP types and carrier parents, were rarely reported in symptomatic adult patients with HPP [9] . Further investigation is needed to explore the mechanisms underlying the differential effects on these mutations. Although adult HPP is considered to be the rarest phenotype, several studies reported cases of adult HPP [4, 7] . Because the clinical presentation of adult HPP is variable, including bone and muscle pain, joint problems, bone fractures, dental problems, and muscular insufficiency, morbidity of adult HPP is not well understood. Moreover, hypercalcemia, hyperphosphatemia, and kidney calcification are sometimes noted in adult HPP. Because the carrier frequency for c.1559delT is estimated to be 1 in 480 in the Japanese population [13] , a considerable number of patients, who are predicted not to be recognized as carriers for HPP, might present with bone weakness attributable to osteoporosis. It is important to increase awareness regarding HPP for its appropriate treatment.
With the widely conducted routine health checkups in Japan, there are numerous opportunities to measure serum ALP levels during medical checkups for workers and residents. Because the underlying causes of low serum ALP levels are limited to steroid treatment, hypothyroidism, and zinc deficiency, HPP should be considered in the differential diagnosis of low serum ALP. Correct diagnosis of HPP is critical for prevention of bone fractures, reduction of pain, and improvement of quality of life. 
